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Infectious bursal disease virus (IBDV), a member of
the Birnaviridae family, is the causative agent of
one of the most harmful poultry diseases. The IBDV
genome encodes five mature proteins; of these, the
multifunctional protein VP3 plays an essential role
in virus morphogenesis. This protein, which interacts
with the structural protein VP2, with the double-
stranded RNA genome, and with the virus-encoded,
RNA-dependent RNA polymerase, VP1, is involved
not only in the formation of the viral capsid, but
also in the recruitment of VP1 into the capsid and in
the encapsidation of the viral genome. Here, we re-
port the X-ray structure of the central region of VP3,
residues 92–220, consisting of two a-helical domains
connected by a long and flexible hinge that are orga-
nized as a dimer. Unexpectedly, the overall fold of the
second VP3 domain shows significant structural sim-
ilarities with different transcription regulation factors.
INTRODUCTION
Infectious bursal disease virus (IBDV) is responsible for an immu-
nosuppressive disease that inflicts a heavy economic burden
on the poultry industry. IBDV belongs to the Birnaviridae family,
which includes nonenveloped virusespossessing a bisegmented
double-stranded RNA (dsRNA) genome (segments A and B of
3.2 and 2.8 kbp, respectively) enclosed within a single icosahe-
dral capsid (T = 13 Laevo) with a diameter of 65–70 nm
(Bottcher et al., 1997). Members of this small family are known
to infect birds, fishes, insects, and rotifers (Delmas et al.,
2004). Information gathered over the last few years has triggered
an unprecedented interest in both the origin and taxonomic rela-
tionships of members of the Birnaviridae family (Ahlquist, 2006).
Birnaviruses exhibit a series of structural, genetic, and biological
features that clearly differentiate them from the rest of the dsRNA
viruses (reviewed by Ahlquist, 2005). In contrast to the general
rule for icosahedral dsRNA viruses with life cycles including
extracellular phases, birnaviruses do not posses an internal tran-
scriptional core (Bottcher et al., 1997; Coulibaly et al., 2005). TheStructurelack of this structure imposes specific challenges on the birnavi-
rus replication strategy. Interestingly, they efficiently cope with
a rather limited protein arsenal formed by five mature polypep-
tides (VP1–VP5). The major components of the birnavirus parti-
cle arise from the proteolytic processing of the 110 kDa polypro-
tein pVP2-VP4-VP3 encoded by segment A. The polyprotein is
cotranslationally cleaved by the virus-encoded serine-lysine pro-
tease VP4 (Birghan et al., 2000; Feldman et al., 2006), releasing
the protein capsid precursor pVP2 and proteins VP4 and VP3.
pVP2 is further processed, giving the mature VP2 polypeptide
(Sanchez and Rodriguez, 1999). Segment A contains a second,
smaller open reading frame in the 50 end region that encodes
the nonstructural protein VP5, a membrane-associated protein
that has been associated with the control of apoptotic responses
and virus egress (Mundt et al., 1995). Segment B has a single
open reading frame encoding VP1, a RNA-dependent RNA poly-
merase (RdRp) (Pan et al., 2007; von Einem et al., 2004). The
multifunctional protein VP3 plays a key role in virus assembly:
(1) it provides a scaffold for the assembly of the capsid polypep-
tide (Maraver et al., 2003b); (2) it recruits the RdRp (VP1) into the
capsid (Lombardo et al., 1999); and (3) it interacts with the
dsRNA genome segments (Kochan et al., 2003; Tacken et al.,
2002). Additionally, it has recently been shown that the interac-
tion of the VP3 C-terminal tail with VP1 removes the inherent
structural blockade of the polymerase active site (Garriga
et al., 2007), and that VP3 thus acts as a transcriptional activator.
According to available information, the inner space of birnavi-
rus virions is occupied by a ribonucleoprotein (RNP) complex
formed by genome dsRNA segments; the RdRp, VP1; and the
VP3 polypeptide. Electron microscope images of purified RNPs
strongly suggest that dsRNA genome segments are entirely sur-
rounded by VP3molecules (Hjalmarsson et al., 1999). It has been
proposed that RNP complexes might play a role akin to tran-
scriptional cores found in other dsRNA viruses (Ahlquist, 2005).
In this report, we present the 2.3 A˚ crystal structure of the cen-
tral region of the IBDV VP3 protein. The polypeptide is folded into
two a-helical domains, organized in a dimeric structure. Struc-
tural comparisons revealed that the overall architecture of the
first domain of VP3 constitutes a new, to our knowledge, domain
fold lacking significant homologies with any other protein do-
mains of known structure. In contrast, the second VP3 domain
shows significant structural similarities with polymerase-inter-
acting domains of bacterial s factors.16, 29–37, January 2008 ª2008 Elsevier Ltd All rights reserved 29
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Structure of IBDV VP3Table 1. Data Collection, Phase Determination, and Refinement Statistics
Peak Inflexion Remote Native
Data Collection
Wavelength (A˚) 1.0397 1.04 1.037 1.0358
Resolution (A˚) 30–2.6 30–2.3 30–2.6 49.0–2.3
Space group P41212 P41212 P41212 P41212
Unit cell (A˚) a = b = 69.75,
c = 71.66
a = b = 69.58,
c = 71.55
a = b = 69.46,
c = 71.61
a = b = 68.32,
c = 71.30
Total data 27,354 42,097 39,519 33,087
Unique data 5,285 7,858 5,822 6,695
Mean (<I/s>) 9.7 13.4 13.1 13.5
Rmerge 8.6 6.7 6.2 7.2
Completeness (%) 89.4 93.4 99.7 79.3
Phasing powera 1.48 1.25 1.99
FOMa centric/acentric 0.14/0.36
Rcullis 0.80 0.78 0.58
Refinement Statistics
Resolution range 2.0–2.4, 49–2.3
Rwork (%) 23.6 22.2
Rfree (%) 28.4 26.4
Number of residues
Protein 125 128
Solvent 29 54
Ions 3 –
Rmsd
Bond lengths (A˚) 0.008 0.009
Bond angles () 1.051 1.135
Average temperature factors (A˚)
All 66.2 41.0
Protein 66.4 40.5
Solvent 58.3 50.4
Model Quality (Ramachandran Plot)b
Residues in most
favored regions (%)
93.5 90.9
Residues in additional
allowed regions
5.6 9.1
Residues in generously
allowed regions
0.9 0.0
a Phasing power and figure of merit (FOM) are as defined in SHARP (Bricogne et al., 2003).
b Values from PROCHECK (Laskowski et al., 1993).RESULTS AND DISCUSSION
Protein Preparation and Structure Determination
VP3 contains a highly hydrophilic C-terminal tail region that is
rich in charged amino acids and proline residues (Maraver
et al., 2003a). Due to this electrostatic and hydrophilic nature,
this C-terminal tail is predicted to be well exposed and disor-
dered. Therefore, this region has the potential to bind proteins
and nucleic acids. Unfortunately, we found that this region com-
promises its solubility and stability. Hence, in order to obtain
high-quality crystals, we expressed and crystallized a construct
lacking the 36 C-terminal residues (hisVP3D222–258). This30 Structure 16, 29–37, January 2008 ª2008 Elsevier Ltd All rights rerecombinant form crystallized in space group P41212 and with
unit cell parameters of a = b = 68.3 A˚, c = 72.3 A˚. The structure
was determined by multiwavelength anomalous dispersion of
a single crystal of gold derivative at 2.4 A˚ resolution. Native
data were also used to refine the structure to a resolution of
2.3 A˚ (see Experimental Procedures and Table 1). Experimental
maps allowed for the immediate interpretation of the structure,
in which residues from T92 to A220 were placed unambiguously.
No room was observed in the crystal packing to accommodate
the remaining 91 residues at the N-terminal end of the protein,
suggesting that the missing residues were cleaved during
the crystallization process. SDS-PAGE from the VP3 crystals,served
Structure
Structure of IBDV VP3showing a band at 15 kDa, demonstrated the cleavage of half
of VP3. To determine the molecular mass of the crystallized frag-
ment, crystals were recovered, resuspended in H2O, and ana-
lyzed by mass spectrometry. A single polypeptide of 15,753
Da was detected. The observed value matches almost exactly
the predicted molecular mass (15,770 Da) of the purified
hisVP3D222–258 polypeptide lacking the 107 N-terminal resi-
dues. This would correspond to the 82 amino acids of the true
VP3 N terminus (Figure 1) plus the 25-residue fused peptide,
which contains the His tag.
Figure 1. Structure of the Central Region of
the IBDV Protein VP3
(A) Ribbon diagram of the unbound form of VP3
showing the secondary structure elements explic-
itly labeled.
(B) View of the a-carbon trace of the unbound VP3
(blue) with every tenth residue numbered. The
structure of the gold-bound VP3 (red) is superim-
posed.
(C) Multiple sequence alignment of birnavirus VP3
proteins. IBDV (accession number: CAI54275),
infectious pancreatic necrosis virus (IPNV;
CAI54275), Tellina virus (TV; AAK32157), Yellow
ascites virus (YaV; BAA22055), Marine birnavirus
(Mb; BAA09608), Blotched Snakehead virus
(BSNV; YP052872), and Drosophila X virus (DxV;
NP690836). The recombinant hisVP3D222–258
construct used in the crystallization experiments
contained an additional 25 residue His tag peptide
(sequence MSYYHHHHHHDYDIPTTENLYFQGA)
fused to the VP3 N terminus (Kochan et al.,
2003). The strictly conserved residues are shown
as red blocks and white characters, and similar
residues are shown in blue boxes and red charac-
ters. Secondary structure definitions, as deter-
mined in the crystal structure of the central region
of IBDV VP3 (residues 92–220), are drawn above
the sequence alignment. The cleavage site, deter-
mined by mass spectroscopy, is indicated by
a green arrow.
The final models for the gold-bound
(Rwork = 23.6, Rfree = 28.4) and unbound
(Rwork = 22.2, Rfree = 26.4) VP3 structures
contained 128 protein residues and
28 and 54 solvent molecules, respec-
tively. All residues exhibited good stereo-
chemistry (Table 1).
Overall Structure
The central region of VP3 consists en-
tirely of a helices connected by loops of
different sizes. It can be divided into two
structural domains linked by a flexible
hinge (Figures 1A–1C). The first domain
starts at the long helix a1, spanning resi-
dues T92–T110. This regular secondary
structural element is followed by a 7 res-
idue loop (M111–T117) that connects he-
lix a1 to the second helix, helix a2. Helix
a2 is formed by residues P118–N124. Its
axis is rotated by 37 clockwise with respect to helix a1. Helix
a3 starts at residue S130, after a 6 residue spacer. This helix
runs until residue R141, and its axis is rotated 38 counterclock-
wise away from helix a2. A long and flexible region (from residue
N147 to residue S159) with poor secondary structure forms the
hinge between the two central VP3 domains (Figures 1A–1C).
The overall architecture of the first VP3 domain is stabilized by
a network of hydrophobic interactions involving residues (1)
D101, I104, and S105 of helix a1, which contact residues
A116, P118, and V121 of helix a2; (2) F115, within the a1-a2Structure 16, 29–37, January 2008 ª2008 Elsevier Ltd All rights reserved 31
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Structure of IBDV VP3loop, which contacts residue I143 of helix a3; and (3) P131,
G132, and Y136 of helix a3, which contact residues Y150,
L151, and Y153, located at the beginning of the hinge between
the two VP3 domains (Figures 1B and 1C). All of these residues,
involved in intradomain stabilizing interactions, are conserved
among birnaviruses (Figure 1C).
The structure of the second domain is organized into three
a helices arranged in a left-handed bundle (Figure 1A). The linker
between helices a4 (S163–G176) and a5 (Q185–N198) inclu-
des a short 310 helix spanning residues A177–Q180. Finally,
helix a6, running from residue Q205 to residue H220, forms the
C-terminal end of the recombinant VP3 protein. A hydrophobic
core is formed by numerous residues located at the interface be-
tween the three helices, including I167, A170, A171, I174, and
Y175 of helix a4; F187, V191, V194, and Y195 of helix a5; P203
of the a5-a6 loop; and L211 and A215 of helix a6. The hydropho-
bic core residues are also conserved among birnaviruses
(Figure 1C).
The Stable Structural Unit of VP3 Is a Dimer
Previous studies (Maraver et al., 2003b) showed that VP3 olig-
omerization is a fundamental step in IBDV capsid assembly.
The oligomerization domain was mapped within the 42 C-termi-
nal residues of the polypeptide. Size-exclusion chromatogra-
phy on a calibrated column showed that the different recombi-
nant forms of VP3 analyzed here, VP3(1–220) and VP3(82–220),
lacking the oligomerization domain, are dimers in solution un-
der the tested experimental conditions (pH = 8, 0.5 M NaCl,
8% glycerol). At a concentration of 1.5 mg/ml, which led to
crystallization, the protein is completely dimeric. Noteworthy,
taking into account the inner volume of the IBDV capsid
(77,900 A˚3) (Coulibaly et al., 2005), and the presence of450
VP3 molecules per virion (D. Luque, personal communication),
the concentration of VP3 (28 kDa) in IBDV particles exceeds
150 mg/ml.
As shown in Figure 2A, chromatographic analyses showed
that VP3 dimers are maintained over a wide range of concentra-
tions. Similar results were obtained by analytical sedimentation
equilibrium ultracentrifugation experiments (data not shown).
These results show that, in addition to the previously described
oligomerization domain, VP3 possesses an independent dimer-
ization domain. It seems likely that VP3 oligomers might be
formed by multimerization of preformed VP3 dimers. Experi-
ments aimed to test this hypothesis are currently underway.
In the present structure, two VP3 subunits associate in a sym-
metrical manner by using the crystallographic two-fold axes.
Each subunit contributes 1460 A˚2 of its surface (30% of the
total surface) to form the dimer (Figures 2B and 2C). A total of
81 interprotomeric close contacts (<3.6 A˚), including polar bonds
and van der Waals contacts, are observed (Figure 3A). The inter-
face of the interaction mostly involves the second domain, in
which different amino acids of the three helices, helices
a4 (E164, E165), a5 (Q185, D189, E190, E196, I197, and H199),
and a6 (E206, Q207, D210, L213, T214, E217, andM218), partic-
ipate in contacts. Residues T140, R141, E142, A162, and S163,
at the interdomain linker, and loop a1-a2 of the first domain
(E109, Y114) are also involved in interactions (Figure 3A). Most
residues forming the dimer interface are completely conserved
among birnaviruses (Figure 1C).32 Structure 16, 29–37, January 2008 ª2008 Elsevier Ltd All rights reIn the dimer, the N terminus of one subunit is located at 86 A˚
and 25 A˚ of the N- and C-terminal ends, respectively, of the
second subunit. The distances between two C termini in the di-
mer are49 A˚. All ends are completely accessible to the solvent
(Figures 3A and 3B). This arrangement leaves enough room to
accommodate the remaining N- and C-terminal extensions, not
determined in the present structure, without causing distortions
in the dimeric organization.
Bioinformatic analysis with the program NOXclass (Zhu et al.,
2006) predicted that the interface of the VP3 dimer in crystals is
biologically meaningful (not due to the crystal packing), with
a confidence of 99.86%, and that it is associated with a nonobli-
gate interaction, with a confidence of 86.07%. Protomers of
nonobligate complexes may dissociate while remaining as sta-
ble and functional units.
The overall architecture of the VP3 dimer determined here
shares many features of proteins that present domain-swapping
interactions (Figures 3A and 3B). This process, in which two or
more protein molecules exchange part of their structure to
form intertwined oligomers (Bennett et al., 1994), was originally
proposed to be a mechanism for the emergence of oligomeric
proteins, as a means for functional regulation, but also to be a
potentially harmful process leading to misfolding and aggrega-
tion (Rousseau et al., 2003). In VP3, the swapped dimer would
be formed by exchanging the hinge region and the second
domain between the two protomers (Figure 3B) Similar observa-
tions have been made in the structures of the dimers of the
C-terminal domain of the HIV capsid and in the mammalian
SCAN domains (Ivanov et al., 2005, 2007).
Comparison between the Isolated
and Gold-Bound Forms of VP3
The structure of the VP3 central region was obtained in its
unbound state and bound to gold ions that served as anomalous
scatters in phasing (Table 1). The comparison of both structures
will be instrumental for finding alternative molecule conforma-
tions and for the identification of putative VP3 residues, acting
as metal binders. The two structures display close structural
similarity, as indicated by root-mean-square deviations of 0.47
and 0.39 A˚ for the superimposition of 61 and 58 equivalent resi-
dues of the first and second domains, respectively. Important
main chain shifts are observed in the region D152–S159, located
at the interdomain linker, between the gold-bound and unbound
structures (Figures 1B and 4). In the isolated structure, this region
seems to be highly flexible, as deduced from the high B factors
and the weak electron density. In the gold-bound structure, large
main chain and side chain rearrangements are observed in the
region, facilitating the interaction between the side chain of
His155, which moves 6 A˚ from its initial position, and the
gold ion. This ion bridges H155 with a second histidine (H126),
belonging to a symmetry-related molecule in the crystal packing
(Figure 4). Two additional gold ions were found in the structure,
but the positioning of these ions does not induce significant con-
formational changes in the structure. The second metal forms an
intramolecular bridge between H220 and K106, and the third
metal, which is found at the crystallographic two-fold axis, binds
two symmetrically related histidines at position 199. This third
gold ion is located at the interface between two VP3 protomers
in the dimer (Figure 3A). Although H199 is not conserved acrossserved
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Structure of IBDV VP3Figure 2. The VP3 Dimer
(A) Analytical gel-filtration assay to assess the stability of the VP3 dimers. The chromatography was performed on a Superdex 75 HR 10/65 column previously
calibrated with protein markers of known molecular mass and equilibrated with a Tris (pH 8.0), 0.5 M NaCl, 8% glycerol buffer. The peak profiles show the main-
tenance of the dimer at all concentrations tested. The concentrations of the loaded samples were 0.5 mg/ml (18 mm; left curve), 0.25 mg/ml (9 mm; middle curve),
and 0.125 mg/ml (4.5 mm; right curve).
(B) Structure of VP3, displaying one protomer with its Connolly surface, colored according to its electrostatic potential, and the second protomer as a green back-
bone worm in two different views.
(C) Same type of surface as in (B), but displaying a whole dimer.birnaviruses, it could be needed for chelating a metal like Zn in
IBDV. However, the presence of a metal ion at the dimer inter-
face does not seem to be essential for dimer formation or stabil-
ity because it is absent in the native VP3 structure. More re-
search will be needed in order to determine a possible role of
metal ions in VP3 oligomerization.
Structural comparisons also showed that the positioning of the
first domain relative to the second differs significantly between
gold-bound and unbound structures (Figure 1B). The interdo-
main ‘‘elbow’’ angles between themajor axes of the two domains
are 127 and 135 in the unbound and gold-bound structures, re-
spectively, indicating some degree of flexibility in the linker re-
gion. The flexibility observed in the VP3 hinge might be used to
optimize the interactions when VP3 binds different protein and
dsRNA ligands.StructurThe Second Domain of VP3 Shares Similarities
with Distinct Transcription Regulation Factors
The lack of identifiable homologs to birnavirus VP3 was first
described by Hudson et al. (1986). The unsuccessful homology
searches performed on updated protein databases (data not
shown) strongly suggest that, according to the recently pro-
posed virus gene categories (Koonin et al., 2006), birnavirus
VP3 should be considered to be an ORFan-encoded polypep-
tide, lacking detectable homologs in other virus families.
Comparison of our structure with known folds in the database
Dali (Holm and Sander, 1995) revealed that the overall topology
of the first VP3 domain is not related to any other protein or pro-
tein domain of known structure. In contrast, the same search
revealed unexpected relationships between the second VP3
domain and different transcription regulation factors. Thee 16, 29–37, January 2008 ª2008 Elsevier Ltd All rights reserved 33
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Structure of IBDV VP3Figure 3. Interactions Stabilizing the VP3 Dimer
(A) Ribbon plot of a VP3 dimer with one protomer shown in red and the second one in gray. The secondary structure elements and the amino- and carboxy-
terminal ends of the protein are explicitly labeled. The different boxes show close-up views of residues involved in close contacts (<3.6 A˚) between protomers.
In the gold-bound structure, one of the gold ions (yellow) occupies the two-fold axis and also participates in protomer-protomer interactions.
(B) Diagram illustrating dimerization by domain swapping. A more compact protomer would result from exchanging the hinge region and the second domain
between protomers, i.e., by connecting the polypeptide chain from the gray helix a3 to the pink helix a4 (dotted line in gray).highest hits were the bacterial sigma factor s70 of Thermus
themophilus (Vassylyev et al., 2002) (PDB code: 1IW7) and the
Set2 SRI domain (Vojnic et al., 2006) (PDB code: 2C5Z), which
showed Dali scores of 3.6 and 3.5 for the superimposition of
53 and 57 Ca carbons, respectively (Figure 5). The region of
s70 that is structurally related to VP3 corresponds to domain 2
(s2; residues 190–256). s2 interacts with the b0 chain of the
core RNA polymerase upon holoenzyme formation (Vassylyev
et al., 2002).
Dissociable s factors bind bacterial RNA polymerases direct-
ing key aspects of the transcription process, including the recog-
nition of the DNA promoter and DNA melting to expose the
transcription initiation site (Mooney et al., 2005). VP3 has been
shown to bind to the viral RdRP, VP1, and is responsible for its
encapsidation (Lombardo et al., 1999). VP3 also interacts with
both dsRNA segments of the viral genome, forming RNP fila-
ments (Hjalmarsson et al., 1999). The 16 C-terminal residues of
VP3 have been implicated in VP1 binding (Maraver et al.,
2003a; Tacken et al., 2002). In addition, we have recently shown
that the interaction of the VP3 C-terminal segment with VP1 reg-
ulates polymerase activity by inducing a conformational change
in the active site that facilitates the accommodation of the tem-34 Structure 16, 29–37, January 2008 ª2008 Elsevier Ltd All rights replate and incoming nucleotides for catalysis (Garriga et al.,
2007). However, many aspects of birnavirus polymerase regula-
tion are still largely unknown, and the parallelism observed
between VP3 and s factors might serve as starting point for
the understanding of the mechanisms governing birnavirus tran-
scriptional regulation.
EXPERIMENTAL PROCEDURES
Recombinant Baculoviruses
The construction of rBV his-VP3 expressing the full-length VP3 polypeptide
fused to a 63 Histidine tag peptide has been previously described (Kochan
et al., 2003). The generation of rBV his-VP3D222–258 was performed as fol-
lows. A 686 residue DNA fragment containing a truncated version of the VP3
sequence encoding a polypeptide lacking the 36 C-terminal residues, flanked
by EheI and BamHI restriction sites, was generated by PCR with primers 50-G
CGCGGCGCCGCTGCATCAGAGTTCAAAGA-30 and 50-GCGCGGATCCTTA
GCGATGCTTCATCTCCATCGCAGTC-30 and the previously described plas-
mid pVOTE/POLY (Fernandez-Arias et al., 1998) as template. The DNA frag-
ment was digested with EheI and BamHI and was inserted into the multiple
cloning site of the baculovirus transfer vector pFastBacHtb (Invitrogen), previ-
ously digested with the same restriction enzymes. The resulting plasmid,
pFB_hisVP3D222–258, was subjected to nucleotide sequencing to assess
the correctness of the inserted VP3 sequence, and it was then used to produceserved
Structure
Structure of IBDV VP3the corresponding rBV by using the Bac-to-Bac system and by following the
manufacturer’s instructions (Invitrogen).
Production and Purification of VP3 Polypeptides
HighFive cells (Invitrogen) were infected with rBVs at a multiplicity of infection
of 5 PFU/cell. Cells were harvested at 72 hr postinfection, washed twice with
phosphate-buffered saline, resuspended in lysis buffer (50 mM Tris-HCl
[pH 8.0], 500 mM NaCl, 0.1% igepal) supplemented with protease inhibitors
Figure 4. Structural Superimpositions of the
Unbound and Gold-Bound VP3 Structures
The unbounded VP3 is shown in blue, and the
gold-bound VP3 is shown in red. The region shown
(amino acids D152–R160) illustrates the largest
conformational changes observed between the
two structures. The gold ion is depicted in green;
the corresponding anomalous difference Fourier
map is shown as chicken wire in dark blue. The
amino acids H155 (from the reference molecule;
red) and H126 and R160 (from a symmetry-related
VP3; gray) are involved in contacts that stabilize
the gold-bound conformation.
(Complete Mini; Roche), and maintained on ice
for 20 min. Thereafter, extracts were centrifuged
at 13,000 3 g for 10 min at 4C. Supernatants
were collected and subjected to metal-affinity
chromatography (IMAC) purification by using
a Ni2+ affinity column (HisTrap HP, GE Healthcare).
Resin-bound polypeptides were eluted with elu-
tion buffer (50 mM Tris-HCl [pH 8.0], 500 mM
NaCl, 250 mM imidazol). hisVP3- or hisVP3D222–
258-containing fractions were pooled, dialyzed
against lysis buffer lacking igepal, and subjected to a second purification
round under identical conditions. Finally, protein samples were concentrated
to a final concentration of 3 mg/ml by using Centricon YM-10 filters
(Millipore).
Crystallization and Data Collection
Crystals of recombinant VP3 were obtained by using the vapor diffusion
method in hanging drops at 20C and by mixing equal volumes of VP3
(3mg/ml) and the reservoir solution, containing 2.6MNaCl and 0.1M sodium
Figure 5. The Second Domain of VP3 Re-
sembles Distinct Transcription Regulation
Factors
(A–C) The structures of (A) VP3, (B) s70 (PDB
code: 1IW7), and (C) SRI set2 (PDB code: 2C5Z)
are shown with the domain of structural homology
highlighted in red.Structure 16, 29–37, January 2008 ª2008 Elsevier Ltd All rights reserved 35
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Structure of IBDV VP3acetate (pH 5). Crystals were transferred to a reservoir solution supplemented
with 20% (v/v) glycerol before they were flash frozen in liquid nitrogen. Gold
derivatives were prepared by soaking native crystals for 3 hr in stabilizing
solutions containing the crystallization buffer and 5 mM AuCl3 before freezing.
X-ray data of native and gold-bound VP3 crystals were collected at the
synchrotron beamlines ID23 and ID29, respectively (European Synchrotron
Radiation Facility [ESRF]; Grenoble, France). Three data sets were recorded
at 100K from a single gold-derivative crystal at wavelengths corresponding
to the gold absorption maximum, inflection point, and a hard remote (Table 1).
All diffraction images were processed and reduced by using the Denzo/Scale-
pack package (Otwinowski and Minor, 1997) (Table 1).
Structure Determination and Refinement
The initial phases were determined by using amultiwavelength anomalous dis-
persion of gold derivatives at 2.4 A˚ resolution (Table 1). Three heavy-atom sites
were determined and refined by using SHARP (Bricogne et al., 2003). Experi-
mental phases were further improved by solvent flattening and histogram
matching with DM (CCP4, 1994). Experimental maps allowed for the automatic
construction of 107 residues with ARP/wARP (CCP4, 1994). The VP3 initial
model was completed manually by using programs O (Jones et al., 1991)
and Coot (Emsley and Cowtan, 2004). This model was then subjected to a
refinement by using REFMAC5 (Murshudov et al., 1997). The resulting struc-
ture was further refined against the 2.3 A˚ data from native crystals with
REFMAC5. Additional rounds of manual rebuilding and refinement of the differ-
ences between native and gold-bound structures produced the final models
(Table 1).
Analytical Gel-Filtration Experiments
To assess the stability of the recombinant VP3 dimers, a peak fraction of the
last purification step, which rendered crystals, was diluted in a Tris (pH 8.0),
0.5 M NaCl, 8% glycerol buffer and was subjected to analytical gel filtration
on a Superdex 75 HR 10/65 column previously calibrated with protein markers
of known molecular mass and equilibrated with the same buffer.
Mass Spectrometry Analysis
VP3 crystals (10 mg) were recovered, resuspended in 10 ml H2O, and passed
through C-18 ZipTip tips (Millipore, Bedford, MA), and the eluted protein was
mixed 1:1 with matrix solution (saturated 3,5-dimethoxy-4-hydroxycinnamic
acid in 33% aqueous acetonitrile and 0.1% trifluoroacetic acid). A 0.7 ml aliquot
of this mixture was deposited onto a stainless steel matrix-assisted laser
desorption ionization probe and was allowed to dry at room temperature.
Samples were measured on a Bruker Reflex IV matrix-assisted laser desorp-
tion ionization-time of flight (MALDI-TOF) mass spectrometer (Bruker-Franzen
Analytic GmbH, Bremen, Germany) equipped with the SCOUT source in pos-
itive ion reflector mode with delayed extraction. The ion acceleration voltage
was 20 kV. The equipment was externally calibrated by employing protonated
mass signals from bovine serum albumin and bovine serum albumin dimer
covering the 20–130 m/z range.
Bioinformatic Analysis of the Dimer Interface
NOXclass (Zhu et al., 2006) is a program that predicts the type of interface from
the crystal structure of a protein complex. The program distinguishes between
three types of interfaces: ‘‘crystal packing,’’ ‘‘obligate,’’ and ‘‘nonobligate.’’
These last two interfaces are the ones with biological meaning. The core
of the program is a support vector machine (SVM) trained with examples of
the three types of interfaces. The numerical descriptors of the interface used
for feeding the program are parameters previously demonstrated to be related
to the biological type of interface: interface area, type of residues, gap volume,
etc. The reported accuracy of this method predicting the type of interface
is 91.8%.
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